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The nonstructural 3a protein of the positive-strand RNA bromoviruses is required for infection spread in plants and is a 
crucial determinant of host specificity in systemic infection. To determine the paths of wild-type (wt) bromovirus infection 
spread, the step at which 3a mutants are arrested, and the nature of the host specificity associated with the 3a gene, we 
used in situ hybridization to examine infection spread by cowpea chlorotic mottle bromovirus (CCMV) and its derivatives 
at the level of individual cells in cowpea leaf epidermis. From 1 to 3 days post inoculation (dpi), wt CCMV spread from 
initially infected cells to adjacent cells, creating expanding infection foci whose radii grew by one additional epidermal cell 
diameter every 5 hr. By 3 to 4 dpi, vascular elements contacting such foci acted as conduits for further infection spread. 
By contrast, a 3a frameshift derivative multiplied in initially infected epidermal cells but failed to move into neighboring cells 
even by 4 dpi, showing that the 3a gene is essential for cell-to-cell spread. Most interestingly, a CCMV derivative with the 
3a gene replaced by that of a bromovirus not adapted to cowpea, brome mosaic virus (BMV), initially spread from cell to 
cell in cowpea plants, but stopped spreading between 1 and 2 dpi, when most infection foci encompassed 40-80 epidermal 
cells. Thus, the host-specificity restriction imposed by BMV 3a protein did not result from an inability to direct the spread 
of infection out of initially infected cowpea cells, but from a much later block. The apparent absence of any preexisting 
anatomical boundary at the limit of infection spread and localized tissue changes at the infection foci suggested that induced 
host responses might have contributed to this block. © 1995 Academic Press, Inc. 
INTRODUCTION 
In most cases, the practical host specificity of plant 
viruses is determined by the success or failure of infec- 
tion spread from primary infection sites (Matthews, 1991). 
In incompatible interactions of a given virus with "non- 
host" plant species resistant to systemic infection by that 
virus, infection spread is often blocked at a very early 
stage. For example, by comparing the frequencies of in- 
fection in protoplasts isolated from cowpea leaves imme- 
diately after tobacco mosaic virus (TMV) inoculation and 
at later times, Sulzinski and Zaitlin (1982) concluded that 
TMV infection in cowpea may be limited to those few 
cells that receive virus during mechanical inoculation. 
These and other observations suggested that "subliminal 
infection," characterized by failure to spread beyond ini- 
tially inoculated cells, may be a common result of incom- 
patible interaction between viruses and plants (Sulzinski 
and Zaitlin, 1982; Matthews, 1991; Hull, 1991). The in- 
ferred failure of viruses to spread from inoculated cells 
in subliminal infections has been proposed to result from 
incompatibility in the interaction of host-specific, virus- 
encoded, cell-to-cell movement proteins with plasmodes- 
matal components or other host factors involved in infec- 
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tion spread (Sulzinski and Zaitlin, 1982; Taliansky et aL, 
1982; Atabekov and Taliansky, 1990; Hull, 1991; Deom et 
aL, 1992). 
A strongly host-specific role of a virus-encoded protein 
in early infection spread has been observed directly with 
two bromoviruses, the legume-adapted cowpea chlorotic 
mottle virus (CCMV) and the cereal-adapted brome mo- 
saic virus (BMV). CCMV and BMV each have three sepa- 
rately encapsidated, positive-strand genomic RNAs 
(Lane, 1981; Ahlquist et aL, 1981, 1984; Allison et aL, 
1989; Dzianott and Bujarski, 1991). RNA1 and RNA2 en- 
code nonstructural proteins la and 2a, which are re- 
quired for viral RNA replication (Kiberstis et aL, 1981; 
Kroner et aL, 1989, 1990; Traynor et aL, 1991). RNA3 
encodes the nonstructural 3a protein and the coat pro- 
tein, which are dispensable for RNA replication but re- 
quired for infection spread (French and Ahlquist, 1987; 
De Jong and Ahlquist, 1991). Mutations that delete or 
inactivate the coat protein block infection spread to unin- 
oculated leaves, but allow reduced spread within inocu- 
lated leaves (Sacher and Ahlquist, 1989; Allison et aL, 
1990; K. Mise and P. Ahlquist, unpublished results). By 
contrast, 3a gene mutations, which have little effect on 
viral RNA accumulation in individual protoplasts, dramati- 
cally inhibit total virus accumulation even in inoculated 
leaves, suggesting that the 3a gene has an important 
involvement in the early spread of infection (Allison et 
a/., 1990; Mise etaL, 1993). 
Recently, we found that the 3a gene plays a crucial 
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role in bromovirus host specificity (Mise et al., 1993). A 
hybrid virus constructed by replacing the 3a gene of the 
c0wpea-adapted CCMV with that of cowpea-nonadapted 
BMV replicated well in cowpea protoplasts and systemi- 
cally infected Nicotiana benthamiana, a permissive host 
for both CCMV and BMV. However, after this hybrid was 
inoculated onto cowpea plants, localization studies with 
the press blotting technique of Mansky et al. (1990) 
showed that infection spread was blocked at some very 
early stage within inoculated leaves. In contrast to this 
and further underscoring the impoitance of host specific- 
ity in the movement function(s) of the 3a gene, replacing 
the CCMV 3a gene with the 30-kDa movement gene from 
a cowpea-adapted, but otherwise radically dissimilar, to- 
bamovirus yielded a hybrid capable of full systemic iqfec- 
ti0n of cowpea (De Jong and Ahlquist, 1992). 
To determine more precisely the role of the 3a gene 
in bromovirus infection spread and the relation between 
3a function, infection spread, and host specificity, we 
have now used in situ hybridization to follow infection 
spread by wt CCMV, CCMV 3a frameshift mutants, and 
the 0CMV hybrid bearing the BMV 3a gene at the resolu- 
tion of individual cells in inoculated cowpea leaves. The 
results are discussed in connection with viral movement 
functions and possible host responses to infection. 
MATERIALS AND METHODS 
CCMV and hybrid cDNA clones 
Viral cDNA clones, their in vitro transcripts, and prog- 
eny RNAs will be referred to by the brief descriptive 
names listed below, with laboratory plasmid designa- 
tions following in brackets. RNA3 clones are illustrated 
in Fig. 1. C1 [pCC1TP1], C2 [pCC2TP2], and C3 
[p003TP4] are cDNA clones of wt CCMV RNA1, RNA2, 
and RNA3, respectively (Allison et al., 1988). O3(C3a-fs) 
[pC03KS1] and C3(B3a) [pBC3KM11] have been de- 
scribed (De Jong and Ahlquist, 1992; Mise eta/., 1993). 
03(B3a-fs) [pBC3KM14] was made from C3(B3a) by dupli- 
cating 4 bases (CACG) within the Afllll site in the BMV 
3a gene (bases 301-306 of BMV RNA3; Ahlquist et al., 
1981). Since C3(B3a) has an additional Afllll site in the 
nonviral plasmid vector sequence, this duplication was 
generated by first partially digesting the C3(B3a) plasmid 
with Afllll and isolating full-length linearized plasmid 
DNAfrom agarose gels. This linearized DNA was treated 
with 7-4 DNA polymerase and dNTPs to fill in the protrud- 
ing ends and then was ligated. The resulting clones were 
screened by restriction digest mapping and the desired 
mutation was confirmed by sequencing. 
In vitro transcription, cowpea protoplast inoculation, 
and Northern blot analysis 
In vitro transcription of Xbal- l inearized plasmids was 
carried out using T7 RNA polymerase as described pre- 
viously (Allison et al., 1988). Cowpea protoplasts were 
prepared and inoculated with in vitro transcripts and total 
nucleic acids were extracted and analyzed by Northern 
blotting as previously described (KroneretaL, 1989; Mise 
et aL, 1993). pCC3RA518 linearized with EcoRI was used 
to produce 32P-labeled RNA probe to detect (+) strand 
CCMV RNAs as described (Allison et aL, 1990) and also 
was used to prepare digoxigenin-labeled RNA probes for 
in situ hybridization as described below. RNA3 and RNA4 
levels in protoplasts infected with various RNA3 der- 
ivatives were measured and compared by analyzing 
Northern blots with a Betagen digital radioactive imaging 
system. 
In situ hybridization 
Cowpea (Vigna sinensis (Tamer) Savi. cv. Blackeye 
No. 5 o.r cv. Queen Anne Blackeye) plants were grown 
under previously described conditions (Pacha and Ahl- 
quist, 1992). Cowpea leaf epidermis samples were pre- 
pared essentially as described for antibody staining of 
tomato leaf epidermis (Nishiguchi etaL, 1980) with modi- 
fications from Bochenek and Hirsch (1990) and Raikhel 
et al. (1989). Specifically, the lower surface of a 9- to 12- 
day-old cowpea primary leaf dusted with Carborundum 
(600 mesh) was inoculated with 25 #1 of an appropriate 
mixture of in vitro transcripts at a total concentration of 
100 fig transcript RNA/ml by rubbing with a plastic- 
gloved forefinger. Within 1 rain after inoculation, the inoc- 
ulated leaf surface was washed with a gentle stream of 
running water for 10 sec. The plants were then returned 
to the growth chamber (see above) and incubated for 1 
to 4 days after inoculation. At selected intervals after 
inoculation, inoculated primary leaves were detached 
from individual plants. Sections of the lower epidermis 
were isolated from each leaf with a fine tweezer and 
the cuticle side was placed on the surface of a glass 
microscope slide (2.5 X 7.5 cm) that had been spread 
with 0.05% (w/v) poly-L-lysine (Sigma, P-8920)/50% (v/v) 
glycerol. The slides bearing the epidermal samples were 
then dried at 80 ° in vacua for 1 hr, kept at room tempera- 
ture (RT) for 5 min, and fixed in acetone at 0 ° for 30 min 
and in FAA (50% ethanol/5% acetic acid/4% formalde- 
hyde) at 4 ° overnight. The slides were immersed three 
times in 50% ethanol at 0 ° for 30 min each, once in 70% 
ethanol at RTfor 10 min, and once in 95% ethanol at RT 
for 10 min. The slides then were air-dried for 30 min and 
stored at -70  ° in a sealed plastic slide box. 
For further processing, the slides were thawed and 
then dried in a desiccator at RT in vacua for 30 min. Each 
epidermal tissue section was then covered with cellulase 
solution (1% (w/v) Cellulysin (Calbiochem)/0.2 M manni- 
tol/0.2 M KCI) and the slides were placed on moist filter 
paper in a covered petri dish (9 cm diameter) and main- 
tained at 30 ° for 30 min to digest the uppermost cell 
wall. The slides were rinsed by immersing once in 0.2 
M mannitol/0.2 M KCI briefly and twice in distilled water 
at RT for 5 min each. Next the slides were immersed in 
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0.1 Mtriethanolamine-HCI (adjusted to pH 8.0 with KOH) 
at RT for 5 min and in 0.25% (v/v) acetic anhydride/0.1 M 
triethanolamine-HCI (pH 8.0) at RT for 10 min. The slides 
were then washed twice by immersing in 2X SSC (1X 
SSC: 0.15 M NaCI, 0.015 M Na-citrate, pH 7.0) at RTfor 
5 min each. 
Prehybridization, hybridization, washing, and immuno- 
logical reactions of the fixed epidermal samples were 
carried out essentially as described (Bochenek and 
Hirsch, 1990) with the following modifications, In vitro 
transcripts labeled with digoxigenin-UTP (Boehringer- 
Mannheim) were synthesized according to the manufac- 
turer's instructions from EcoRl-linearized pCC3RA518 (Al- 
lison et aL, 1990) and the labeled RNA probe transcribed 
from 25 ng of plasmid DNA was used for each slide. 
Hybridization was performed for 14 to 18 hr at 42 °. Alka- 
line phosphatase-conjugated anti-digoxigenin antibody 
(Boehringer-Mannheim, 1093-274) was diluted 500-fold 
with 0.1 MTr is -HCI  (pH 7.5)/0.15 M NaCI/5% (w/v) nonfat 
milk/0.3% (v/v) Triton X-100, and the color development 
reaction between this antibody and nitroblue tetrazolium/ 
5-bromo-4-chloro-3-indolyl phosphate was performed at 
RT for 16 to 20 hr. The final specimens were examined 
and photographed with an inverted microscope (Nikon 
Diaphot-TMD). 
To measure the area occupied by an individual infec- 
tion site in a photomicrograph, the micrograph was pho- 
tocopied and the area corresponding to the infection site, 
as shown by the in situ hybridization signal, was carefully 
cut out of the photocopy and weighed. The actual area 
of the infection site was then calculated from this mass, 
the measured density of the paper used, and the magnifi- 
cation of the photomicrograph. For each virus and time 
point examined, at least 63 (and, in some cases, up to 
119) independent infection sites derived from multiple 
independent experiments were measured and compiled 
to produce the distributions given in Fig. 4 (see Fig. 4 
legend for further details). 
RESULTS 
Viral RNA accumulation by wt CCMV, 3a frameshift 
mutants, and 3a replacement derivatives in 
protoplasts 
The CCMV RNA3 variants tested in this study are illus- 
trated in Fig. 1. These include wt CCMV RNA3 (C3), hybrid 
C3(B3a), in which the 3a gene is replaced by that of 
BMV, and their 3a frameshift derivatives, C3(C3a-fs) and 
C3(B3a-fs). Small (2- and 4-base) frameshift mutations 
rather than large deletions were used to inactivate the 
3a genes in order to minimize the possibility that any 
consequent alterations in infection spread could result 
from disrupting hypothetical cis-acting sequences in the 
CCMV or BMV 3a gene, rather than from changes in the 
3a protein itself. 
To facilitate subsequent comparisons between in situ 
hybridization data from cowpea leaves inoculated with 
C3(C3a4s) 
v 
I C3a H C°atl C3 
Coati C3(B3a) 
A 
C3(B3a-fs) 
FIG. 1. Schematic diagram of wt CCMV RNA3 (C3), hybrid RNA 
C3(B3a), and their frameshift derivatives. 03 is shown with boxes repre- 
senting the wt CCMV 3a protein gene (C3a) and coat protein (coat} 
genes and single lines representing noncoding sequences. The BMV 
3a gene (B3a) in RNA3 hybrid C3(B3a) is illustrated by a shaded box. 
Arrows indicate the sites of translational frameshift insertions in deriva- 
tives O3(C3a-fs) and C3(B3a-fs). See Materials and Methods for further 
details. 
these variants, we first assayed viral RNA accumulation 
in cowpea protoplasts inoculated with the individual 03 
derivatives plus wt CCMV RNA1 (C1) and RNA2 (C2). 
Northern blot analysis using a 3zp-labeled RNA probe 
complementary to the conserved 3' sequences of all 
CCMV positive-strand RNAs showed that Cl and C2 ac- 
cumulated to comparable levels in each inoculation, 
while the level of RNA3 and its subgenomic coat gene 
mRNA, RNA4, varied between different 03 variants (Fig. 
2). When measurements from the blot of Fig. 2 and six 
other experiments were averaged, they showed that 
C3(C3a-fs) accumulated to 80% of the wt 03 level, while 
C3(B3a) and C3(B3a-fs) accumulated to 25% of the wt 03 
level. The equivalent level of RNA3 accumulation seen 
with C3(B3a) and C3(B3a-fs) suggests that reduced 
C3(B3a) accumulation relative to 03 was due to substitu- 
tion of the BMV 3a gene coding sequence, rather than 
to expression of the BMV 3a protein. Subgenomic RNA4 
derived from O3(C3a-fs), C3(B3a), and O3(B3a-fs) accu- 
mulated to 75, 50, and 75%, respectively, of the RNA4 
level produced by wt C3. Since prior experiments with 
other C3 derivatives showed that 10- to 20-fold reduc- 
tions in RNA3 and RNA4 levels do not interfere with 
systemic infection (De Jong and Ahlquist, 1992; Mise et 
al., 1993), the levels of RNA3 and RNA4 associated with 
the 03 variants used in this study should not pose any 
intrinsic limitations for systemic infection. 
In situ hybridization analysis of wt CCMV infection 
spread 
Infection spread by each of the above RNA3 variants, 
in combination with C1 + C2, was then examined in the 
lower epidermis of cowpea primary leaves by in situ 
hybridization. Primary cowpea leaves were inoculated on 
their lower surface with appropriate mixtures of CCMV 
in vitro transcripts. Then, at successive time points after 
inoculation, samples of the lower epidermal tissue were 
peeled from independent inoculated leaves, mounted on 
glass slides, fixed, treated with cellulase, and hybridized 
with a digoxigenin-UTP-labeled, 180-base RNA probe 
complementary to the conserved 3' sequences of all 
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R& 2. Accumulation of C3, C3(B3a), and their frameshift derivatives 
in c0wpea protoplasts, as visualized by Northern blot analysis of total 
RNAs isolated from cowpea protoplasts 24 hr after inoculation with in 
/itro transcripts from the C3 derivative indicated above each lane, to- 
gether with transcripts from wt OCMV RNA1 and RNA2 cDNA clones. 
The lane labeled "mock" contained RNA from protoplasts inoculated 
with buffer only. Total protoplast RNA was glyoxalated before electro- 
0h0resis through a 1% agarose gel and the final membranes were 
,hybridized with a 32p-labeled probe to detect all four positive strand 
RNAs of CCMV. Positions of CCMV RNAs are indicated at left. Each 
lane contains the RNA extracted from 100,000 inoculated protoplasts. 
0CMV positive-strand RNAs (the same RNA probe used 
for Northern blot analysis of viral RNA accumulation in 
pr0toplasts in Fig. 2). This RNA probe in turn was com- 
plexed with anti-digoxigenin antibody conjugated with 
alkaline phosphatase, which was visualized by reaction 
of the phosphatase with nitroblue t trazolium and 5- 
br0mo-4-chloro-3-indolyl phosphate to form an indigo- 
colored precipitate. Upon examination in a microscope, 
the level and color of this precipitate and its strong local- 
ization within the boundaries of particular cells provided 
a clear distinction between infected and uninfected cells. 
The validity of the in situ hybridization results were also 
c0nfirmed by parallel tests of some 03 variants by immu- 
n0fluorescence with anti-OOMV virion antibodies (see 
below). Each inoculum was tested in seven independent 
/n situ hybridization experiments, using four cowpea (cv. 
Ellackeye No. 5) plants per inoculum in each experiment 
to provide independent leaf epidermis samples at 1, 2, 
3, and 4 days post inoculation (dpi). Occasional experi- 
ments were also conducted in cowpea cv. Queen Anne 
Slackeye (see below). Representative in situ hybridiza- 
tion results are presented as examples in Fig. 3 and 
subsequent figures. 
For cowpea cv. Blackeye No. 5 at 1 dpi, in situ hybrid- 
ization of samples of lower epidermis inoculated with wt 
00MV transcripts O1 4- 02 4- C3 showed the presence 
0fviral RNA signals in clusters of 20-40 adjacent cells, 
'all showing the characteristically convoluted borders of 
typical epidermal cells (Fig. 3A). By 2 dpi, the number of 
cells in such infected clusters had increased to 150-250 
cells (Fig. 3B), and by 3 dpi, to 400-800 cells (Fig. 30). 
To provide a more complete and accurate description of 
the rate of cell-to-cell spread, we used the data from 
multiple, independent experiments to measure the indi- 
vidual areas occupied by 68, 119, and 82 such infection 
sites, respectively, for 1, 2, and 3 dpi and calculated the 
average and standard deviation of the resulting distribu- 
tion for each time point (Fig. 4). The results show that, 
between 1 and 3 dpi, the progressive cell-to-cell spread 
of COMV infection expanded the average radius of the 
infected cell cluster at an essentially linear rate of one 
additional cell diameter every 5 hr (Fig. 4). By 4 dpi, 
due to the density of infection sites achieved in these 
inoculations, continued expansion led to fusion between 
many adjacent infection sites, making it difficult to clearly 
define the number of primary infection sites and thus 
complicating further quantitative analysis of cell-to-cell 
spread. 
By 3 dlSi, when the individual clusters of infected ceils 
were 1-2 mm in diameter (Fig. 30), 1-2 mm, irregularly 
shaped spots of tissue that had developed a dark reddish 
color became apparent to the naked eye on the inocu- 
lated surface of the leaf prior to peeling the tissue sam- 
pies. The appearance of such reddish spots on the sur- 
faces of cowpea leaves inoculated with OCMV has also 
been noted by other investigators (Kuhn, 1964; Michael 
Janda and Richard Allison, personal communication). 
Even after peeling off the lower epidermis for in situ 
hybridization, corresponding spots of localized reddish 
color remained apparent in the adjacent, interior meso- 
phyll tissue. By comparing photographs of OCMV-inocu- 
lated leaves bearing these spots to the distribution of 
viral RNA determined by subsequent press blot hybrid- 
ization analysis (Mise et al., 1993) of the same leaves, 
we found that these reddish spots correspond closely to 
sites of primary infection by CCMV (results not shown). 
wt COMV was also inoculated to another cowpea culti- 
var, cv. Queen Anne Blackeye. The results of Fig. 5 and 
another equivalent experiment showed that in leaf epi- 
dermis of this cultivar, the expansion of wt 00MV infec J
tion centers by direct cell-to-cell spread was almost twice 
as fast as in Blackeye No. 5 cowpea. At 3 dpi in COMV- 
infected Queen Anne Blackeye tissue, we observed viral 
RNA signals along extended tracts of the characteristi- 
cally elongated epidermal cells that overlie vascular ele- 
ments (Esau, 1960; Russin and Evert, 1984; Beebe and 
Evert, 1990; R. Fvert, personal communication), even 
though adjacent, nonelongated epidermal cells were free 
of infection (Fig. 50, upper right quadrant and Fig. 5D). 
By 4 dpi, not only tracts of the elongated, vascular-associ- 
ated epidermal cells were infected, but also several adja- 
cent rows of the surrounding, convoluted epidermal cells 
(Fig. 5E). We also observed similar instances of apparent 
spread of infection through the vascular-associated tis- 
sue in Blackeye No. 5 cowpea, although these observa- 
tions were less frequent in 3 and 4 dpi tissue samples 
from Blackeye No. 5 than from Queen Anne Blackeye 
cowpea. This lower frequency of vascular invasion at 
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FiG. 3. Localization by in situ hybridization ofviral RNA in primary leaf epidermis of cowpea (cv. Blackeye No. 5) plants inoculated with wtCCMV 
transcripts. Primary leaves of 9- to 12-day-old cowpea plants were inoculated on their lower surfaces with a mixture of in vitro transcripts from 
cDNA clones of wt CCMV RNA1, RNA2, and RNA3 at a total concentration of t00 #g transcript RNA/ml. Individual inoculated leaves were detached 
from independent plants at 1 through 3 days after inoculation, as i dicated by the number in the bottom right of each photo, and the lower epidermis 
was peeled and fixed on glass slides. The photomicrographs show representative infection loci visualized by hybridization with a digoxigenin- 
labeled RNA probe specific for CCMV positive-strand RNAs, followed by a color-producing reaction with alkaline phosphatase-conjugated anti- 
digoxigenin antibody (see text). Bars, 200 #m. 
equivalent time points may have been related to the 
slower overall spread of wt CCMV infection in Blackeye 
No. 5. Sampling later time points in either cowpea cultivar 
was rendered difficult due to the significantly increasing 
difficulty of peeling epidermal tissue sections at and be- 
yond 4 dpi (see below). 
Effect of CCMV 3a gene inactivation on cell-to-cell 
movement 
To investigate the role of the CCMV 3a protein in cell- 
to-cell movement of the virus, the lower surfaces of cow- 
pea leaves were inoculated with transcripts of O1, C2, 
and C3(C3a-fs) (Fig. 1), which bears a 3a frameshift muta- 
tion previously found to dramatically depress CCMV ac- 
cumulation in inoculated leaves (De Jong and Ahlquist, 
1992). In s i tu  hybridization showed that this suppressed 
accumulation was due to a block to movement out of 
initially infected cells. At 1 dpi, 96% of the infection sites 
observed in C3(C3a-fs)-inoculated tissue consisted of 
single infected cells (Fig. 6A and Table 1) and, even 
at 4 dpi, 90% of the C3(C3a-fs) infection sites observed 
consisted of single cells (Fig. 6B and Table 1). Of the 
remaining 4-10% of infection sites that involved more 
than a single cell, all but two sites contained only two 
adjacent stained cells (Table 1). The two exceptions (the 
only ones found among 156 C3(C3a-fs) infection sites 
examined) were one cluster of three infected cells and 
one cluster of five infected cells (Table 1). 
In independent experiments, the distribution of in- 
fected cells in cowpea epidermis inoculated with C1, 
02, and C3(C3a-fs) transcripts was also visualized by i 
immunofluorescent staining of epidermal tissue samples 
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FIG. 4. Kinetics of infection spread in primary leaf epidermis of cow- 
pea (cv. Blackeye No. 5) plants inoculated with wt CCMV or the OCMV 
3a gene hybrid, C3(B3a). Primary leaves were inoculated with in vitro 
transcripts from cDNA clones of 03 or C3(B3a) as indicated, together 
with transcripts from wt CCMV RNA1 and RNA2 cDNA clones. Individ- 
ual inoculated leaves were detached from independent plants at 1 
through 4 days post inoculation (dpi). Epidermal samples were pre- 
pared and viral RNA was detected as described under Materials and 
Methods. For each time point and each virus, 63 or more infection 
sites such as those shown in Figs. 3 and 7 were examined microscopi- 
cally, the area occupied by each infection site was measured as de- 
scribed under Materials and Methods, and the radius of a circle of 
equivalent area was calculated. (The number of infection sites mea- 
sured and averaged was, For C3 at 1 dpi, 68 sites; 2 dpi, 119; and 3 
dpi, 82; and for C3(B3a) at 1 dpi, 63 sites; 2 dpi, 94; 3 dpi, 89; and 4 
dpi, 109.) The figure plots the average radius of infection sites for each 
time point along with the standard deviation (thin vertical line) of the 
distribution for that time point. The left scale measures the radii in mm 
while the near right scale measures the radii in units corresponding 
to the average diameter of epidermal cells (approximately 60 #m). To 
further assist comparisons with the Figs. 3 and 7 micrographs and with 
the text, a third scale on the far right gives the approximate number 
of infected epidermal cells contained in an infection focus of the corre- 
sponding radius, as estimated from measurements of the average area 
per epidermal cell. 
with anti-CCMV antibody, using procedures adapted 
from Nishiguchi et aL (1980). The results from this inde- 
pendent detection method were in excellent agreement 
with the in situ hybridization results summarized in Table 
1; i.e., infection sites were seen to consist almost exclu- 
sively of single brightly fluorescing cells, with a minor 
percentage of two-cell infection sites (results not shown). 
This sharp contrast between C3(C3a-fs) behavior (Fig. 6) 
and the early and sustained cell-to-cell spread of wt 
00MV infection (Figs. 3 and 5) shows that normal spread 
of 00MV infection from even the initial infected cell de- 
pends on a functional 3a gene. 
Hybrid C3(B3a) mediates transient cell-to-cell spread 
in cowpea 
Previously we observed that the inoculum combination 
01, 02, and C3(B3a), the C3 hybrid containing the BMV 
3a gene (Fig. 1), is fully competent for systemic infection 
of IV. benthamiana, a common host for BMV and CCMV. 
However, in cowpea, a systemic host for CCMV but not 
BMV, 01 + C2 -I- C3(B3a) infection is not only confined 
to inoculated leaves but limited to small spots at the limit 
of resolution of the press blot hybridization technique 
(Mise etaL, 1993). To determine the possible significance 
of these spots for cell-to-cell spread and the precise 
stage at which C3(B3a) stops spreading, a mixture of C1, 
02, and C3(B3a) transcripts was inoculated to the lower 
surface of cowpea primary leaves and analyzed by in 
situ hybridization as above. For the 1, 2, 3, and 4 dpi 
time points, respectively, 63, 94, 89, and 109 separate 
infection sites were photographed and measured (Fig. 4) 
and representative results are shown in Fig. 7. At 1 dpi, 
viral RNA signals were seen in clusters of, on average, 
12-15 cells (Figs. 4 and 7A). By 2 dpi, the typical size 
range of infected cell clusters had grown to 40-80 cells 
(Figs. 4 and 7B). However, at later time points the average 
size of infected cell clusters remained unchanged (Figs. 
4, 7C, and 7D). Moreover, although C3(B3a)infection 
sites were occasionally observed to include some elon- 
gated e~)idermal cells overlying veins, the viral RNA sig- 
nal always remained localized within a small cluster of 
adjacent cells, even at 4 dpi. No infection of extended 
tracts of elongated cells was ever seen, in contrast to 
the spread observed with wt CCMV (Figs. 5C-E). While 
Fig. 7 shows C3(B3a) infection sites in Blackeye No. 5 
cowpea, parallel experiments showed that the nature 
and kinetics of C3(B3a) infection spread in Queen Anne 
Blackeye cowpea were similar (data not shown); i.e., in- 
fections with C1, C2, and C3(B3a) initially spread from 
cell to cell, but stopped spreading between 1 and 2 dpi 
when the individual infection sites contained around 40- 
80 cells. 
At 3 to 4 dpi, specks of a dark reddish color were 
observed on the lower surface of C3(B3a)-inoculated 
cowpea leaves, prior to peeling epidermal tissue sam- 
pies. Like the C3(B3a) infection sites observed by in situ 
hybridization, these specks were approximately 0.5 mm 
diameter, or about one-half to one-fourth the diameter of 
the equivalently colored reddish spots that appeared in 
wt CCMV-infected tissue. As for wt CCMV (see above), 
comparison of the distribution of these specks in 
C3(B3a)-inoculated leaves to press blot RNA hybridiza- 
tion results from the same leaves showed that the red- 
dish specks corresponded to sites of infection. In addi- 
tion to the altered color of these sites, other indications 
of changes in the cells and/or cell walls at these sites 
were apparent. By 4 dpi, the reddish specks were sites 
of unusual adhesion between the epidermis and the un- 
derlying mesophyll tissue• Consequently, during peeling 
of epidermal tissue samples from either wt or C3(B3a)- 
inoculated leaves, although the epidermis rarelytore dur- 
ing peeling at other areas, it very frequently tore at the 
sites of the red spots. Minor tears of this nature are 
illustrated in Fig. 7D and more serious tears, sometimes 
destroying the usefulness of the sample, also occurred 
preferentially at the reddish spots. Alternatively, the epi- 
dermis of wt COMV-infected or C3(B3a)-infected leaves 
at such sites sometimes peeled off the leaf with a cluster 
of the underlying spongy mesophyll cells attached. Such 
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Fra. 5. Localization of viral RNA in primary leaf epidermis of cowpea (cv. Queen Anne Blackeye) plants inoculated with wt CCMV transcripts. 
Primary leaves were inoculated as described in the legend to Fig. 3 and individual leaves were detached from independent plants a  1 through 4 
days after inoculation, as indicated by the number in the bottom right of each panel. Epidermal samples were prepared and viral RNA was detected 
as described in Fig. 3. Note that C, D, and E show viral RNA signals associated with tracts of the characteristically elongated epidermal cells lying 
over veins. The small dark circle in the upper right quadrant of C is due to an air bubble over the sample. Bars, 200 #m. 
tears were far rarer during the processing of mock-ino.cu- 
lated leaves or leaves inoculated with C3(C3a-fs) or 
C3(B3a-fs) (see below), 
To evaluate the relative contributions of the BMV 3a 
gene coding sequence and the BMV 3a protein to the 
mode of C3(B3a) infection spread described above, a 
frameshift mutation was introduced into the BMV 3a gene 
of C3(B3a), creating C3(B3a-fs) (Fig. 1). In this mutant, a 
four nucleotide insertion. (CACG) shifts the reading frame 
of the BMV 3a protein g'ene after codon 72, resulting in 
premature term~ination 13 codons downstream. Similarly 
to C3(C3a-fs), C3(B3a-fs) failed to spread from cell to cell, 
with 91-96% of the infection sites observed between 1 
and 4 dpi localized to single cells and the remaining 4 -  
9% of infection sites consisting only of two cells (Figs. 
60 and 6D and Table 1). 
DISCUSSION 
We have used in situ hybridization to analyze infection 
spread in cowpea leaves inoculated with wt CCMV, a 
CCMV mutant with a frameshift-inactivated 3a gene, or 
a CCMV hybrid bearing the 3a gene of a non-cowpea- 
adapted bromovirus, BMV. These studies show that a 
functional 3a protein is essential for movement of CCMV 
infection from primary infected ceils into surrounding 
cells. However, a host-specific block imposed by the 
BMV 3a gene on infection spread was expressed only 
after multiple rounds of successful cell-to-cell movement. 
These results suggest that the host specificity of the 
3a gene, and possibly of the movement genes of other 
viruses, may depend on host responses as well as host- 
specific competence of basic virus movement functions, 
Spread of wt CCMV infection 
The in situ hybridization results for wt CCMV infection : 
spread agree well with and expand the results from our 
prior studies with the lower resolution press blotting 
technique. In the press blotting experiments (Mise eta/., 
1993), wt CCMV RNA signals were first detected as 
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FIG. 6. Localization of viral RNA in primary leaf epidermis of cowpea 
(cv. Blackeye No. 5) plants inoculated with CCMV RNA3 frameshift 
derivatives. Primary leaves were inoculated with in vitro transcripts 
from cDNA clones of C3(C3a-fs) (A and B) or C3(B3a-fs) (C and D), 
together with transcripts from wtCCMV RNA1 and RNA2 cDNA clones. 
The leaves were detached from the plants at 1 (A and C) and 4 (B and 
D) days after inoculation, as indicated by the numbers at the bottom 
right of each panel. Epidermal samples were prepared an  viral RNA 
was detected as described in Fig. 3. Note that, in each panel, the 
hybridization signal is confined to a single epidermal cell. The bottom 
side of each panel is 200 #m in length. Please also see Table 1. 
highly localized, discrete spots at 2 dpi. By 4 dpi, viral 
RNA signals had spread over approximately half of the 
leaf area and extended along the full length of many 
vascular channels, often flanked by uninfected intervei- 
nal tissue. By 6 dpi, essential ly the entire leaf had been 
invaded. The more detai led picture provided by in s i tu  
hybridization showed that cell-to-cell infection spread 
had begun well before 1 dpi, by which time infection 
sites consisted of clusters of 12-30 adjacent cells (Figs. 
3A and 4). Two-day post inoculation infection sites, ob- 
served by press-blotting as localized spots, were found 
to be clusters of 150-250 cells (Figs. 3B, 4, and 5B). These 
clusters continued to grow in size by direct cell-to-cell 
spread through 3 -4  dpi. 
By 3 dpi, a further mode of infection spread became 
apparent, long channels of infection extended away from 
primary infection centers along tracts of the characteristi- 
cally elongated epidermal cells over vascular elements 
in the leaf (Figs. 5C-E). Such tracts were observed in 
both cowpea cultivars tested, but their appearance by 
3 -4  dpi was more frequent in cultivar Queen Anne Black- 
eye, where faster initial cell-to-cell movement (see Re- 
sults) presumably al lowed infection to reach vascular 
elements more quickly. The rapid spread of infection spe- 
cifically "along the elongated supravascular cells sug- 
gests that some infectious component may have spread 
with the active f low in the underlying vascular channels, 
as described recently for caul i f lower mosaic virus 
(Leisner et  al., 1992). The possibil ity that such spread 
fol lows underlying vascular f low is also consistent with 
Fig. 5D, in which an infection path fol lows two of three 
intersecting tracts of supravascular epidermal cells, 
whi le the third remains free of virus. Since infection 
would not spread into a channel f lowing toward such a 
junction, this asymmetric distribution is perfectly compat- 
ible with vascular flow. Hypotheses independent of un- 
derlying vascular flow, such as unusually rapid cell-to- 
cell spread within the tracts of elongated epidermal cells, 
appear inconsistent with such asymmetry. By 4 dpi, con- 
voluted epidermal cells adjacent to the supravascular 
cells had also become infected, apparently through sub- 
sequent cell-to-cell spread (Fig. 5E). Just as these results 
suggest that infection movement hrough underlying vas- 
TABLE 1 
PERCENTAGE OF INFECTION SITES CONTAINING 1, 2, OR ~>3 CELLS IN OOWPEA LEAVES INOCULATED WITH COMV 3A GENE FRAMESHIFT MUTANTS 
% of infection sites ° with indicated no. of 
No. of cells 
Days post infection sites 
Inoculum ~ inoculation examined b 1 2 t>3 
03 (C3a-fs) 
03 (B3a-fs) 
1 46 96 4 0 
2 26 88 8 4 ~ 
3 23 87 9 4 e 
4 61 90 10 0 
1 24 96 4 0 
2 55 95 5 0 
3 11 91 9 0 
4 12 92 8 0 
~The indicated CCMV RNA3 derivative (see Fig. 1) was used to inoculate the lower surface of cowpea (cv. Blackeye No. 5) leaves together with 
transcripts of wt CCMV RNA1 and RNA2 cDNA clones. 
b Observations were accumulated over seven independent experiments such as that shown in Fig. 6. 
c infection sites were examined by in situ hybridization as described in the legends of Figs. 3 and 6. 
~This entry represents a single site at which three adjacent cells showed staining. 
~This entry represents a single site at which five adjacent cells showed staining. 
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FIG. 7. Localization of viral RNA in primary leaf epidermis of cowpea (cv. Blackeye No. 5) plants inoculated with C3(B3a), the CCMV RNA3 hybrid 
containing the BMV 3a gene (Fig. 1). Primary leaves were inoculated with in vitro transcripts from cDNA clones of C3(B3a), together with transcripts 
from wt CCMV RNA1 and RNA2 cDNA clones, lndividual leaves were d tached from independent plants at 1 through 4 days after inoculation, as 
indicated by the numbers at the bottom right of each panel. Epidermal samples were prepared and viraI RNA was detected as described in the 
legend to Fig. 3. Bars, 200 /~m. 
cular elements affected the observed spread of infection 
in the epidermis in important ways, infection movement 
into and out of underlying mesophyll cells presumably 
also contributed to the development of the infection pat- 
tern, although the results presented here did not test this 
directly. 
3a protein is essential for bromovirus cell-to-cell 
movement 
Spread of viral infection in plants usually if not always 
requires one or more viral nonstructural proteins (Deom 
eta/., 1992). To date, the involvement of genes from many 
viruses in infection movement has been demonstrated 
or inferred (Hull, 1991). In a few cases, such as the TMV 
30-kDa protein (Nishiguchi eta/., 1980; Wolf eta/., 1989), 
RCNMV 35-kDa protein (Fujiwara et aL, 1993), potyvirus 
coat protein (Dolja et al., 1994), and geminiviral BL1 pro- 
tein (Noueiry et aL, 1994), cellular or even subcellular 
studies have defined the stage of infection movement at 
which a viral protein acts. However, to date, the participa- 
tion of most viral genes in movement has been inferred 
from lower resolution studies of infection spread at the 
level of large tissue samples, whole leaves, or movement 
between leaves. 
The in situ hybridization results of Fig. 6 and Table 1 
show that, through at least 4 dpi with CCMV 3a frameshift 
mutants, 90% or more of the infection sites were limited 
to a single cell, and all but two of the remaining infection 
sites observed were limited to two cells. In the same 
period, wt CCMV infection spread to engulf clusters of 
well over 500 cells (Figs. 3, 4, and 5). Thus, the movement 
of CCMV infection from initially infected cells to adjacent 
cells was dependent on the 3a protein, which thus is 
a cell-to-cell "movement" protein in the sense originally 
defined for the TMV 30-kDa protein (Nishiguchi et al., 
1980; Deom etaL, 1987; Meshi etaL, 1987). These results 
do not reveal whether the biochemical functions of 3a 
coincide with those of the tobamovirus 30-kDa protein, 
with which 3a does not share statistically significant se- 
quence similarity (Allison eta/., 1989). However, the anal- 
ogous role of the two genes in infection is also illustrated 
by the ability of the 30-kDa gene from a cowpea-adapted 
tobamovirus to successfully replace the CCMV 3a gene 
in supporting full systemic infection (De Jong and Ahl- 
quist, 1992). 
At present we do not know why 4-10% of the infection 
sites produced by the 3a frameshift mutants consisted 
of two adjacent infected cells (Table 1). This is unlikely 
to be an artifact of in situ hybridization since we obtained 
similar results by immunofluorescence with antibodies 
against CCMV virions. In immunofiuorescence studies of 
a TMV 30-kDa protein mutant, Nishiguchi eta/.  (1980) 
also found mainly single cell infection sites, with a similar 
low incidence (2-6%) of two-cell infection sites that they 
suggested may have resulted from simultaneous me- 
chanical inoculation of adjacent cells. Alternatively, low 
level, leaky expression of the 3a frameshift mutants might 
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have supported an occasional round of CCMV cell-to- 
cell movement. Consistent with this possibility, the per- 
centage of two-cell infection sites increased slightly from 
1 dpi to later times (Table 1), although, due to the small 
number of such sites, the increase was not statistically 
significant. 
Transient cell-to-cell spread of C3(B3a) and host 
specificity 
In previous studies exchanging 3a genes between 
00MV and BMV, we found that bromovirus 3a genes are 
strongly host specific and, in incompatible plants, limit 
infection spread at an early stage (Mise et al., 1993). 
Since 3a function is essential for CCMV cell-to-cell move- 
ment, this early block might have resulted from the inabil- 
ity of a mis-adapted 3a gene to support basic cell-to- 
cell movement in an incompatible plant, as previously 
suggested for many similar cases (see Introduction). 
However, after Cl + 02 + C3(B3a) inoculation of cowpea 
plants, the BMV 3a protein directed multiple rounds of 
cell-to-cell movement, generating clusters of 40-80 in- 
fected epidermal ceils (Figs. 4 and 7). Then, despite this 
early cell-to-cell spread, further movement through the 
epidermis ceased between 1 and 2 dpi (Fig. 4 and 7). 
Interestingly, the time course of infection site develop- 
ment in our prior press-blotting experiments (Mise et aL, 
1993) suggests that a small amount of additional spread 
may have occurred in mesophyll tissues between 2 and 
4 dpi, implying that B3a may also be competent for cell- 
t0-cell spread between cowpea mesophyll cells. Never- 
theless, even if such limited spread occurred, all O1 + 
02 + 03(B3a) spread was blocked in nonepidermal tis- 
sues as well by around 4 dpi. 
Because the infection was arrested only after spread- 
ing through a radius of four or five epidermal cells from 
initially infected cells, the cause of this arrest represents 
an intriguing and potentially important issue. Notably, the 
limits of 03(B3a) infection spread did not conform to any 
discernible anatomical boundary in the epidermis (Fig. 
7). Rather, C3(B3a) infection spread consistently stopped 
within fields of the typical, convoluted epidermal cells 
between which it had spread from 0 to 2 dpi, and through 
which wt CCMV infection continued to spread at a con- 
stant rate from 0 to at least 3 or 4 dpi. Since C3(B3a) 
infections were arrested independently from and usually 
prior to interaction with vascular elements, we cannot 
conclude whether BMV 3a supports entry or exit from 
c0wpea vascular tissue, which has been suggested as 
a possible limit to CCMV spread in a resistant soybean 
line (Goodrick et al., 1991). Even if such a limitation ap- 
plies, however, other mechanisms must be responsible 
f0rthe cessation of cell-to-cell spread within nonvascular 
epidermal tissue. 
Since the boundaries of the farthest cell-to-cell spread 
by C3(B3a) infection appear anatomically equivalent to 
the cell-cell junctions through which infection readily 
moved between 0 and 2 dpi, the barrier to further spread 
might have resulted from changes that occurred in the 
host tissue during early phases of infection. Such re- 
sponses might include changes in the susceptibility of 
cell-cell junctions to infection spread or in the suscepti- 
bility of adjacent cells to virus infection. 
Consistent with the possibility of limiting host re- 
sponses, localized changes in color and cell adhesion 
did occur at the infection sites and, as described in the 
Results, were apparent to the naked eye by 3 dpi. Such 
macroscopically visible effects likely reflect a relatively 
late stage in the progression of physiological changes 
at the infection sites. Accordingly, related and physiologi- 
cally significant changes might have occurred earlier, 
contributing to the cessation of C3(B3a) infection spread 
by 2 dpi. For example, the localized increases in cell 
adhesion at the infection sites suggest underlying alter- 
ations in cell-cell interfaces, which might have affected 
cell-to-cell movement. The role of the observed tissue 
responses in limiting C3(B3a)infection spread remains 
uncertain, though, because similar responses were ob- 
served at wt CCMV infection sites. If host responses 
contributed to the cessation of C3(B3a) infection spread, 
this may have been because C3(B3a) infection induced 
a different spectrum of responses than wt CCMV, or be- 
cause the adaptation of CCMV 3a to cowpea includes 
the ability to function in the face of host responses that 
interfere with BMV 3a. Alternatively, continued infection 
spread may depend on the relative balance between the 
rates of host responses vs infection movement between 
cells. While wt CCMV infection advanced faster than any 
limiting host responses, differences in the speed of infec- 
tion spread, host response induction, or both may have 
resulted in 01 + C2 + C3(B3a) becoming trapped behind 
a front of induced host responses. 
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